1. Introduction {#sec1-dentistry-06-00048}
===============

Since the introduction of mineral trioxide aggregate (MTA) into the field of endodontics, calcium silicate-based materials, also known as bio-ceramic cements, have gained recognition for their biocompatibility, antibacterial capacity and regenerative properties \[[@B1-dentistry-06-00048],[@B2-dentistry-06-00048]\]. MTA have been extensively used in clinical applications including, apical barriers, root perforations repairs, root-end fillings, direct pulp capping and pulpotomies \[[@B3-dentistry-06-00048],[@B4-dentistry-06-00048]\]. The ProRoot MTA from Dentsply (Tulsa, OK, USA) is primarily made of tricalcium and di-calcium silicate salts \[[@B5-dentistry-06-00048]\]. MTA has been shown to upregulate the differentiation of osteoblasts, fibroblasts, cementoblasts, odontoblasts and pulp cells \[[@B6-dentistry-06-00048],[@B7-dentistry-06-00048]\]. However, MTA is difficult to handle, labor and cost intensive. To overcome these limitations, two calcium-silicate based biomaterials have been recently introduced to the market. Biodentine (BD) and pure Portland cement Med-PZ (MZ) from Septodont (St. Maur des Fosses, France) and Medcem GmbH (Weinfelden, Switzerland), respectively. The manufacturers of BD claim beneficial effects of their products including low gingival fibroblast cytotoxicity \[[@B8-dentistry-06-00048]\]. It has been successfully used as a coronal restorative material for perforation repair and pulp-capping \[[@B9-dentistry-06-00048]\]. On the other hand, MZ is composed of the raw materials, similar to MTA, but with significant reduced cost \[[@B10-dentistry-06-00048]\]. Recent reports indicate that tricalcium silicate, the main component in both cements, is bioactive, degradable and self-setting bone filling material \[[@B10-dentistry-06-00048],[@B11-dentistry-06-00048],[@B12-dentistry-06-00048]\].

Dental pulp tissue is a promising source of stem cells, which are widely used to test biomaterials, reviewed in \[[@B13-dentistry-06-00048],[@B14-dentistry-06-00048]\]. In this context, we recently established a protocol for isolating and identifying a new subpopulation of pluripotent-like stem cells from dental pulp, named Dental Pulp Pluripotent-like Stem Cells (DPPSCs) \[[@B15-dentistry-06-00048]\], that express pluripotent markers and show genetic stability \[[@B16-dentistry-06-00048],[@B17-dentistry-06-00048]\]. In vitro studies revealed that DPPSCs form embryoid body-like structures (EBs) and may generate the three embryonic germ layers \[[@B18-dentistry-06-00048]\]. Thus, DPPSCs can differentiate into tissues that have similar characteristics to mesoderm, endoderm and ectoderm layers. In this study, we evaluated the cytotoxic effect and the osteogenic capacity of DPPSCs cultured in conditional pre-treated with the three biomaterials MZ, BD, or MTA individually.

2. Materials and Methods {#sec2-dentistry-06-00048}
========================

2.1. Patient Selection {#sec2dot1-dentistry-06-00048}
----------------------

The third molars of three healthy humans were extracted from 14--20 years old female and male donors for orthodontic and prophylactic reasons as previously described \[[@B15-dentistry-06-00048]\]. Gentle extraction procedures were used to preserve teeth from damage. For experimental purposes, the dental pulp tissues were extracted from the teeth with the patient consent \[[@B16-dentistry-06-00048],[@B17-dentistry-06-00048]\].

All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki. The protocol approval and the guidelines on human stem cell research was issued by the Committee on Bioethics of the *Universitat Internacional de Catalunya* (study code BIO-ELB-2013-03).

2.2. Biomaterials Preparation {#sec2dot2-dentistry-06-00048}
-----------------------------

Plastic ring discs (16 mm^3^) were prepared, disinfected with ethanol and sterilized by plasma \[[@B19-dentistry-06-00048]\]. Each of the dental biomaterials: Biodentine^TM^ (BD, Septodont, St. Maur des Fosses, France), ProRoot MTA^®^ (MTA, Dentsply, Tulsa, OK, USA) and Pure Portland cement^®^ MZ (MZ, Medcem GmbH, Weinfelden, Switzerland) was individually prepared in accordance with the manufacturer's instructions, under aseptic conditions. Plastic ring discs were pre-treated with each of the prepared biomaterial individually in triplicate with total of nine rings (*n* = 9). After setting, the biomaterial-disc samples were placed in 24-well plates and incubated for 24 h at 37 °C, 5% CO~2~ atmosphere and at 98% humidity \[[@B20-dentistry-06-00048]\]. The samples were subsequently expose to ultraviolet light for 20 min and placed in 2 mL of basal medium (DMEM-low glucose (Life Technologies, Carlsbad, CA, USA), penicillin (100 units/mL) and streptomycin (100 µg/mL), 10% fetal bovine serum (FBS; Sigma, St. Louis, MO, USA), Control samples were prepared from discs with no cements containing 400 µL of basal media; as described by Zanini et al. \[[@B21-dentistry-06-00048],[@B22-dentistry-06-00048]\]. After 24 h, the conditioned medium soaked with the biomaterials was individually filtered through 0.22 µm filters and then used for further experiments.

2.3. Isolation and Culture of Human Dental Pulp Pluripotent-Like Stem Cells (DPPSCs) {#sec2dot3-dentistry-06-00048}
------------------------------------------------------------------------------------

Human DPPSCs were isolated and cultured as previously reported \[[@B16-dentistry-06-00048]\]. Cells at passage 12 were cultured in DPPSC maintenance medium, consisting of 60% DMEM-low glucose (Life Technologies, Carlsbad, CA, USA) and 40% MCDB-201 (Sigma, St. Louis, MO, USA); supplemented with 1× insulin-transferrin-selenium (ITS; Sigma, St. Louis, MO, USA), 1× linoleic acid-bovine serum albumin (LA-BSA; Sigma, St. Louis, MO, USA), 1 nM dexamethasone (Sigma, St. Louis, MO, USA), 0.1 mM ascorbic acid 2-phosphate (Sigma, St. Louis, MO, USA), penicillin (100 units/mL) and streptomycin (100 µg/mL), 2% fetal bovine serum (FBS; Sigma, St. Louis, MO, USA), 10 ng/mL hPDGF-BB (R&D Systems, Minneapolis, HN, USA) and 10 ng/ml EGF (R&D Systems, Minneapolis, HN, USA). Cell passage was performed every 4 days. Cells from passage 14 were seeded in 24-well plates at a density of 4 × 10^3^ cells/well. Cells were cultured overnight to allow complete adhesion \[[@B15-dentistry-06-00048]\].

2.4. Osteogenic Differentiation {#sec2dot4-dentistry-06-00048}
-------------------------------

DPPSCs were seeded in the conditioned media (BD, MZ, MTZ or control), upon 80% confluency; cells were treated with the osteogenic medium containing DMEM-low glucose supplemented with 10% FBS, penicillin (100 units/mL), streptomycin (100 µg/mL), 100 nM dexamethasone, 10 mM µ-glycerophosphate and 50 µg/mL ascorbate-2-phosphate. The Culture medium was replaced every 3 days for 10 days. Cells were fixed, and osteoblasts were detected using Alkaline phosphatase detection Kit (Millipore, Burlington, MA, USA) following the manufacturer protocol. Control cells were gown in culture medium in the absence of the biomaterials.

2.5. Cell Proliferation Assay {#sec2dot5-dentistry-06-00048}
-----------------------------

The DPPSCs were cultured on conditioned media (BD, MZ or MTZ) or basal media for 3, 7 and 10 days. The cellular proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay; following the manufacturer's instructions (Tebu-Bio, Barcelona, Spain). The optical densities of the viable cells were measured at wavelength 570 nm and compared to the reference wavelength 630 nm on a multi-plate reader (Unicam Helios alfa).

2.6. Alkaline Phosphatase Activity (ALP) Analysis {#sec2dot6-dentistry-06-00048}
-------------------------------------------------

A total number of 4 × 10^3^ DPPSCs were cultured in each well of 24-well plates with the corresponding pre-conditioned media (BD, MZ, MTZ or control). At days 7 and 10, the ALP Staining kit (CosmoBio, Carlsbad, CA, USA) was used in accordance with the manufacturer's instructions. ALP- staining was observed and cell images were taken on optical microscope (Euromex, Arnhem, The Netherlands). Alkaline phosphatase activity was quantified by spectrophotometry and the absorbance was measured at 405 nm for a period of 1 and 2 min.

2.7. Calcium Accumulation {#sec2dot7-dentistry-06-00048}
-------------------------

Calcium cellular content was evaluated using Sigma Kit (Sigma, St. Louis, MO, USA). In accordance with the manufactures protocol, differentiated DPPSCs cultured on BD-, MZ-, MTZ- or control- conditional media were washed twice with 1x PBS and incubated in lysis solution. The total cellular calcium content was measured using the standard solutions, provided with the Kit and the interaction absorbance was measured at 575 nm. In addition, calcium cell deposits were detected with Von Kossa staining.

2.8. RNA Extraction, cDNA Synthesis and qRT-PCR Reactions {#sec2dot8-dentistry-06-00048}
---------------------------------------------------------

At day 10 post-differentiation, Trizol protocol (Invitrogen, Carlsbad, CA, USA) was used to extract total RNAs from the differentiated cells- seeded in the previously described conditioned media. M-MLV Reserve Transcriptase Kit (Invitrogen, Carlsbad, CA, USA) was used to prepare cDNA from 2 µg total RNA. qRT-PCR assays were performed as previously described \[[@B23-dentistry-06-00048],[@B24-dentistry-06-00048]\]. Primer pairs with equivalent efficiencies are described in [Table 1](#dentistry-06-00048-t001){ref-type="table"}. qRT-PCR assays were performed using CFX96 system (Bio-Rad, Hercules, CA, USA) as previously described \[[@B25-dentistry-06-00048],[@B26-dentistry-06-00048]\]. The results were normalized to the GAPDH- CT-values, and averages ± SEM are shown expressed relative to Control or Day 0 undifferentiated cells, as indicated.

2.9. Statistical Analysis {#sec2dot9-dentistry-06-00048}
-------------------------

All data were analyzed at the Statistical Department at the Universitat Internacional de Catalunya. ANOVA of two factors and the Kruskal Wallis test, with statistical significance set at *p* \< 0.05 were applied to compare cell populations. The values were expressed as the Mean ± Standard Deviation. Statgraphics^®^ Centurion (StatPoint Technologies, Inc., Warrenton, VA, USA) was used for data analyses.

3. Results {#sec3-dentistry-06-00048}
==========

3.1. Cellular Morphology and Viability {#sec3dot1-dentistry-06-00048}
--------------------------------------

Light microscope image observations revealed a stable cellular proliferation from day 3 to day 10 in all tested groups. Relative to control basal culture media, at differentiation day 3, DPPSCs cellular morphology was similar independent from the source of the conditional media ([Figure 1](#dentistry-06-00048-f001){ref-type="fig"}). At day 10, the death rate of cells cultured under control conditions was observed. In contrast, cells grown in BD-, MZ- or MTA-conditioned media were steady and showed elongated morphology, relative to day 3 ([Figure 1](#dentistry-06-00048-f001){ref-type="fig"}).

In the presence of conditioned media, we observed an improvement in DPPSCs cell viability ([Figure 2](#dentistry-06-00048-f002){ref-type="fig"}) relative to that observed in cells cultured on basal media. The cellular viability was enhanced two-three fold in the presence of MZ- or MTA-conditioned media at days 3 and 7. Notably, at day 10, the proliferation rate of cells cultured in MZ-conditioned media was 2.5- and 1.5-fold relative to that of cells cultured on MTA- or BD-conditioned media, respectively ([Figure 2](#dentistry-06-00048-f002){ref-type="fig"}).

3.2. Osteogenic Differentiation {#sec3dot2-dentistry-06-00048}
-------------------------------

In the presence or absence of the biomaterials, the osteogenic differentiation of DPPSCs was determined by culturing them in media containing dexamethasone, µ-glycerophosphate and ascorbate as described in the Material and Methods section. Except for the control conditioned media, on day 10 of differentiation, cells showed remarkable changes in cellular morphology and stained positive for alkaline phosphatase activity ([Figure 3](#dentistry-06-00048-f003){ref-type="fig"}a). In the presence of the biomaterial conditioned media, spectrophotometry analysis revealed a significant induction of alkaline phosphatase activity relative to that observed in control conditioned at days 7 and 10 during osteogenesis. Interestingly, DPPSCs cultured on MZ- or MTA-conditioned media showed comparable ALP activity with 2-fold higher than cells differentiated in the presence of BD conditions (differentiation day 10, [Figure 3](#dentistry-06-00048-f003){ref-type="fig"}b).

Similarly, microscopic images for calcium deposits revealed a pronounce staining of DPPSCs differentiated in the presence of MZ- or MTA-conditioned media ([Figure 4](#dentistry-06-00048-f004){ref-type="fig"}a). However, calcium content measurements revealed no significant differences between cells differentiated in the presence of the biomaterials used in this study.

At molecular level, qRT-PCR analysis, at day 10 of osteogenic differentiation, revealed an upregulation of the osteogenic genes collagen I (Col1), osteocalcin (OCN) and Runt-related transcription factor 1 (RUNX1) relative to day 0 and control cells. In comparison to undifferentiated cells, cell treated with the basic control media showed 3.5-fold increase in Col1 transcripts, whereas, cell treatments with MZ- or MTA-conditioned media resulted in 5- and 3-fold induction of Col1, respectively ([Figure 5](#dentistry-06-00048-f005){ref-type="fig"}). On the other hand, OCN transcripts were comparably up-regulated in cells treated with MZ- or MTA-conditioned media, 2- and 1.7-fold, relative to cells differentiated in the basic media, respectively. Similarly, the expression of osteogenic transaction factor, RUNX2, was the highest in cells treated with MZ-conditioned media (5-fold) and MTA-conditioned media (2.2-fold) relative to control cells ([Figure 5](#dentistry-06-00048-f005){ref-type="fig"}). Interestingly, BD-conditioned media did not enhance the expression of any osteogenic gene markers, suggesting failure of this media to mediate osteogenesis ([Figure 5](#dentistry-06-00048-f005){ref-type="fig"}).

4. Discussion {#sec4-dentistry-06-00048}
=============

The in vitro assays to analyze the toxicity and functionality of endodontic materials are highly important for the enhancement of root canal therapy. Yet, current studies mostly use non-dental cells, such as fibroblast cells or cancer cell lines \[[@B20-dentistry-06-00048]\], which may not be an ideal cell model to draw conclusions about the usage of biomaterials on dental tissue. In the present study, DPPSCs isolated from a healthy human third molar were used because they represent an easily accessible cell source with pluripotent phenotype and genetic stability \[[@B15-dentistry-06-00048],[@B17-dentistry-06-00048],[@B27-dentistry-06-00048]\].

Cells have been demonstrated to behave differently when cultured on the same material surface. Differences were observed between the periodontal ligament (PDL) fibroblasts and the mouse fibroblast cell line (L929) when measuring toxicity of dental materials \[[@B28-dentistry-06-00048]\]. The PDL fibroblast cells are less sensitive than L929 cells, and ultrastructural differences between the two cell types were determined. Similarly, different cell types, e.g., fibroblasts and osteoblasts, respond contrarily to a wide range of biomaterials \[[@B29-dentistry-06-00048]\]. In the current light of tissue engineering, it is recommended to use stem cell isolated from dental tissue as ideal source for conducting research on the efficiency of biomaterial for prospective clinical application \[[@B30-dentistry-06-00048]\]. Hence, we used a new source of stem cells, DPPSCs isolated from dental pulp tissue as an alternative cell model to evaluate biomaterials.

The functional role of MTA and BD have been well demonstrated in several studied \[[@B22-dentistry-06-00048],[@B31-dentistry-06-00048]\]; however, to our knowledge, there are no published reports on the in vitro usage of MZ-biomaterials. Recent applications for regenerative therapies require bioactive dental materials to induce tissue regeneration \[[@B20-dentistry-06-00048]\]. It has been demonstrated that calcium silicate Portland-derived cements (like MTA or Med-PZ) allow the growth and differentiation of dental pulp cells \[[@B32-dentistry-06-00048]\], osteoblasts \[[@B33-dentistry-06-00048]\], human orofacial mesenchymal stem cells \[[@B34-dentistry-06-00048]\] and cementoblasts \[[@B35-dentistry-06-00048]\]. Therefore, the main objective of this study was to compare the osteogenic differentiation capacity DPPSCs cultured in conditional media pre-treated with MZ, MTA or BD cements.

In our study, we observed that cell proliferation differences exist in response to the different treatments. Unlike BD-conditioned media, cytotoxicity tests revealed that both MZ- and MTA-conditioned media maintain cell viability and proliferation. This effect could be due to the high concentration of Biodentine that was used in our study. Luo et al. recommended the use of low concentration of BD-biomaterial in the range of 0.2 mg/mL \[[@B36-dentistry-06-00048]\], thus, the concentration used in the present study could had a negative effect on the cells. Our data are in correlation with the findings of Pérard et al. who studied MTA- and BD-conditional media on two different odontoblast-like cell types (MDPC-23 and Od-21 cells) \[[@B19-dentistry-06-00048]\]. They reported that MTA-pre-treated medium induces cellular proliferation, in comparison to BD-control medium. On the other hand, Attik et al. have used MG63 human osteoblast-like cells (osteosarcoma cells) to compare Biodentine™ and ProRoot^®^ MTA. They reported similar cytotoxic effects of both materials, but the MG-63 carcinogenic cell line may have a different response to biomaterials \[[@B33-dentistry-06-00048]\].

ALP is a marker for an early onset of osteogenesis. The protein expression and its kinetic activity are notably elevated during stem cell differentiation into osteogenic lineage. Furthermore, during the bone turnover, ALP mediate the degradation of inorganic pyrophosphate and the release of phosphate groups for minimization process \[[@B34-dentistry-06-00048]\]. ALP activity, which is closely related to new bone formation, was used as a measure of osteo-conductivity of the tested materials \[[@B37-dentistry-06-00048]\]. Peng et al. demonstrated that tricalcium silicate cement had a higher ALP activity compared to the controls at day 10, using hDPCs \[[@B38-dentistry-06-00048]\]. In our study, ALP activity was increased over days in MTA- and MZ-groups as compared with the BD-group. Gypsum or calcium sulfate, the main component of MTA and MedCem, has many applications in medicine and dentistry \[[@B36-dentistry-06-00048]\]. It is a fast-degradable material that usually resorbs before the onset of the new bone regeneration. Dewi et al. in an in vitro and in vivo study, concluded that the addition of CaCO~3~ hydrogel into calcium sulfate increases bone formation, angiogenesis and collagen density and results in a faster bone formation and maturation \[[@B39-dentistry-06-00048]\].

At molecular level, the expression of three osteogenic markers in differentiated DPPSCs cultured in three conditioned media showed that Col1, an early osteoblast marker, is highly up-regulated in cells differentiated in the presence of MTA- or MZ-, relative to BD-, conditioned media. Runx2, an essential transcription factor for the onset of osteoblast, is dramatically up-regulated in cells treated with MZ-conditioned media, as compare to its expression in the other groups. Similarly, as an indicative of mineralization phase entry, MZ-conditioned treatment enhanced the expression of OCN, a non-collagenous protein found in bone, dentin and osteoblasts \[[@B40-dentistry-06-00048]\].

These results may be explained by the fact that cells cultured in MTA- or MZ-conditioned media could mediate DPPSCs' osteogenesis. Eid et al. studied different types of tricalcium silicate cements on human bone marrow-derived mesenchymal stem cells in vitro, but they observed a downregulation of RUNX2 and OCN transcripts \[[@B41-dentistry-06-00048]\]. In accordance with our study, Zanini et al. observed a downregulation of RUNX2 on OD-21 cells (mouse undifferentiated pulp cells) which cultured in 1 mg/mL BD \[[@B21-dentistry-06-00048]\]. In contrast, Peng et al. reported an up-regulation of Col1 and OCN in cells cultured in the presence of tricalcium silicate cement \[[@B38-dentistry-06-00048]\]. Thus, the differences in the osteogenic genes expression levels can be explained by the differences in the cell origin and the developmental status at the time incubated with the conditioned media.

5. Conclusions {#sec5-dentistry-06-00048}
==============

In light of the results, we conclude that there are differences between BD, MTA and MZ in terms of cellular cytotoxicity, the onset of osteogenic differentiation of DPPSCs, cellular mineralization and the expression of osteogenic markers in differentiated cells. Unlike MTA and MZ, conditioned media from BD has no capacity to mediate osteogenesis in DPPSCs.
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![Cell morphology. Dental Pulp Pluripotent-like Stem Cells (DPPSCs) at day 3 (100×) and at day 10 (40×) of differentiation. BD, Biodentine; MZ, MedCem; MTA, Mineral Trioxide Aggregate; CT, Control media.](dentistry-06-00048-g001){#dentistry-06-00048-f001}

![Proliferation MTT assay. The data were represented as the average ± SD (*n* = 3) versus cells cultured on control media. Average of the MTT absorbance in the 3 experimental groups and the control. There are significance differences between BD and MZ and between BD and MTA. (\*: *p* \< 0.01).](dentistry-06-00048-g002){#dentistry-06-00048-f002}

![Alkaline phosphatase activity assay. A time course detection for ALP activity in differentiated DPPSCs seeded on conditioned media, days 7 and 10. (**a**) ALP was detected with the chromogenic substrate from the ALP staining kit; (**b**) ALP activity was measured in differentiated DPPSCs seeded on the biomaterials conditional media, days 7 and 10 (\*: *p* \< 0.01).](dentistry-06-00048-g003){#dentistry-06-00048-f003}

![Calcium composition. (**a**) Calcium deposits were detected with Von Kossa at day 10. (**b**) Calcium cell composition was measured in differentiated DPPSCs seeded on the biomaterials conditional media, days 7 and 10.](dentistry-06-00048-g004){#dentistry-06-00048-f004}

![Molecular evaluation of the generated osteoblasts. qRT-PCR analysis for the expression of osteogenic markers, at day 10 post-differentiation. Values were normalized to the housekeeping gene *GADPH* and undifferentiated cell. (**a**) Col1; (**b**) OCN; (**c**) RUNX2, (\* *p* \< 0.01).](dentistry-06-00048-g005){#dentistry-06-00048-f005}

dentistry-06-00048-t001_Table 1

###### 

Oligonucleotide sequences of primers utilized for real-time qRT-PCR.

  Genes   Forward Primer (5′-3′)   Reverse Primer (5′-3′)
  ------- ------------------------ -------------------------
  GAPDH   GGAGCGAGATCCCTCCAAAAT    GGCTGTTGTCATACTTCTCATGG
  Col1    TGCTGGCAAGAATGGCGATC     CTGTCTCAGCCTTGTCACCAC
  BMP2    TGGTTACTGTCATGGCGGGTA    TCTCAGATCGTTGAACCTTGCTA
  OCN     CTCACACTCCTCGCCCTATT     GCTCCCAGCCATTGATACAG
